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ABSTRACT
Recent studies demonstrate that important information on sulfur source, oxidation
pathway, transport pattern, and reaction kinetics of the oxidation reactions of reduced sulfur
gases in the atmosphere may be uncovered by measuring multiple sulfur and oxygen isotope
compositions of the oxidation product  secondary atmospheric sulfate (SAS). SAS from
Earth’s distant past, however, is rarely preserved in the rock record because of its high solubility
and small quantity. Caliche, a pedogenic carbonate formed in arid to semi-arid continental
settings and common in the geologic record, could serve as a repository for ancient SAS. Two
major groups of caliche samples: 1) modern caliches actively developing on diverse parent
materials in the southern High Plains (Texas and New Mexico) and 2) Eocene to Miocene fossil
caliches developed on volcaniclastic sediments in the northern High Plains (northwestern
Nebraska) of North America were studied in addition to some fossil soil carbonate nodules and
gypcretes for comparison. The concentration of carbonate-associated sulfate (CAS) in a typical
caliche sample ranges from 10 to 1900 ppm. The Δ17O value of CAS ranges from −0.12 to
+2.32‰ with most values higher than the background value of −0.05‰ for seawater sulfate,
indicating the presence of an SAS component derived from the oxidation of sulfur gases by O3 or
H2O2. Highly positive Δ17O values (up to +2.32‰) in two of the fossil caliche samples have not
been encountered in any modern aerosol and rainwater sulfates collected from the mid-latitude
sites and may instead record a transient sulfur-oxidation event associated with volcanic eruptions
in the past.
1CHAPTER 1. INTRODUCTION
The Earth’s sulfur cycle is an important link between two other geochemical and
biological processes in Earth’s system: the oxygen and carbon cycles (Berner, 1999; Berner et
al., 2003). Both sulfur and carbon depend on oxygen as a reactant to facilitate the cycling (e.g.
Garrels and Lerman, 1981). For example, photosynthesis generates free oxygen (O2) during the
conversion of carbon dioxide (CO2) into organic material or biomass that can be buried and
stored in the geologic record. Pyrite (FeS2) or sulfur gas (H2S) is ultimately oxidized by O2 in
order to form sulfate (SO4
2-), one of the largest reservoirs of sulfur (Lowson, 1982) in Earth’s
surface system. The formation and burial of pyrite can also generate a net gain of O2 on Earth’s
surface. Mass balance models show the dependence of each cycle on one another and the
implications of each on climate and biological processes (e.g. Garrels and Lerman, 1981). With
increased sulfur oxidation comes a decrease in the amount of free O2 — and a lack of free O2
hinders the photosynthesis process.
Isotope studies of sulfur, carbon, and oxygen in the geologic record help to reconstruct
past climates and biological environments, which can in turn help to model future conditions on
Earth. Sedimentary deposits of buried organic carbon and pyrite help to determine carbon and
sulfur ratios and to establish mass balance fluxes. This research contributes a small piece to the
greater puzzle of the Earth’s sulfur cycle. The focus, however, is on a little-studied area: sulfur
chemistry in the past atmosphere.
A unique oxygen isotope signature can reveal sulfate’s oxidation pathway. This oxidation
pathway probably evolved ~2.5 Ga when free O2 started accumulating in the atmosphere, and the
primary sulfate production pathway may have switched from sulfur dioxide (SO2) ultraviolet
photolysis to SO2 oxidation by ozone (O3), hydrogen peroxide (H2O2), or hydroxyl radical (⋅OH)
2in conjunction with the formation of an O3 layer that requires the presence of free O2 in the
atmosphere (Fig. 1) (Farquhar et al., 2000; Farquhar et al., 2002a; Farquhar and Wing, 2003;
Savarino et al., 2000b). In addition, short-lived but massive releases of sulfur gases (mainly SO2)
Figure 1. Atmospheric chemistry of sulfur oxidation. Cartoon depicts atmospheric chemistry of
sulfur oxidation, including major sources of reduced sulfur to the atmosphere and simplified
sulfur-oxidation chemistry within the atmosphere. The oxidation product, SO4
2-, is deposited as
wet or dry deposition and can become incorporated into solid caliche structure during its
precipitation from arid-climate soils. Picture A shows a modern rind caliche developed on
limestone (Sierra Blanca TX 1), and picture B shows an Oligocene-Miocene massive caliche
developed on volcanic ash (Broadwater NE 1).
associated with continental volcanism or bolide impacts have been blamed for a series of
atmospheric, climatic, and biological consequences throughout geologic history. Some have
3speculated that these events brought about the destruction of the stratospheric O3 layer (Kump et
al., 2005), climate cooling as a result of a thick cloud of sulfuric aerosols (Pope et al., 1997), or
massive acid rain (Maruoka et al., 2003; Pope et al., 1997), but the exact chemistry of these
transient sulfur-oxidation events is not known. All these events remain in speculation because the
primary oxidation product, secondary atmospheric sulfate (SAS) in the form of ammonium
sulfate ((NH4)2SO4), monoammonium acid sulfate (NH4HSO4), or sulfuric acid (H2SO4), is
rarely preserved in the geologic record because it is extremely soluble and easily transported
away by surface water. Preservation of ancient SAS could retain information like source of
sulfur, oxidation pathway, transport pattern, and even reaction kinetics by analyzing the multiple
or total sulfur and oxygen isotope compositions of sulfate, i.e., the δ34S, δ33S, δ36S, Δ33S, Δ36S,
δ18O, δ17O, and Δ17O values.
The δ34S and δ18O values of sulfate are good tracers of sulfur source and sulfur oxidation
pathways despite many uncertainties (Holt and Kumar, 1991; Jamieson, 1995; Jamieson and
Wadleigh, 2000; Newman et al., 1991; Tanaka et al., 1994). But recent discoveries of multiple
oxygen and sulfur isotope compositions, particularly the Δ33S and Δ17O values, add significant
information to help understand sulfate-formation mechanisms (e.g., Johnston et al., 2005;
Savarino et al., 2003; Bao et al., 2000; Bao et al., 2000b; Bao et al., 2003;  Romero and
Thiemens, 2003; Farquhar, 2002a; Farquhar et al., 2002b). These multiple stable isotope values
are expressed mathematically using the formula:
Δ17O = δ17O – [(1 + 0.001× δ18O)0.52 – 1] × 1000   (Farquhar et al., 2000)
where δ17O refers to the ratio between 17O and 16O as compared to a standard, and δ18O refers to
the ratio between 18O and 16O as compared to a standard. Stable isotopic measurements of
4oxygen include 16O, 17O, and 18O, with relative abundances of 99.763%, 0.0375%, and 0.1995%,
respectively (Garlick, 1969). By comparing the two minor isotopes using the ratio of 17O to 16O
as a function of 18O to 16O, a distinct terrestrial fractionation has emerged with all but a few
materials originally formed on Earth fitting a linear slope line of ~0.52 (Matsuhisa et al., 1978).
While most terrestrial materials do not deviate from this slope, most meteorites do show a
distinct departure from the terrestrial line (Clayton et al., 1973; Clayton et al., 1976; Clayton,
1993) as do those sulfates oxidized by O3, H2O2, or ⋅OH (Fig. 2). Δ
33S and Δ36S refer to the same
types of relationships among the minor 33S, 34S, and 36S isotopes and the common 32S isotope.
Figure 2. δ18O versus δ17O of sulfate in caliche samples as compared with the terrestrial
fractionation line.
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5The presence of a Δ33S anomaly suggests that SO2 photolysis was a predominant sulfate-
formation pathway at the time of sulfate formation, a scenario that can only occur without an O3
shield in the atmosphere (Farquhar et al., 2002a). The presence of Δ17O anomaly in SAS on the
other hand may suggest that O3 or H2O2 was the major oxidant involved in the oxidation of SO2
in the atmosphere (Savarino et al., 2000a). Stratospheric ⋅OH could also be an anomalous oxidant
in the gas phase, but the exact atmospheric chemistry involved with this compound is not
understood (Bekki, 1995). Oxidation of SO2 by oxidants other than O3 or H2O2 does not produce
a Δ17O isotope anomaly.
Only two types of preservation of ancient SAS have been discovered in the geologic
record so far. The first is in the surficial salt deposits of old, hyperarid deserts like the Central
Namib Desert in Africa, the Atacama Desert in South America, and the Dry Valleys in
Antarctica (Bao et al., 2000; Bao et al., 2001). The second type is the calcite (CaCO3)
pseudomorphs after gypsum in an Oligocene volcanic ash bed in northwestern Nebraska (Bao et
al., 2003). The sulfates in hyperarid deserts, however, are the result of continuous atmospheric
deposition and accumulation since the Miocene. They are the result of long-term deposition but
are essentially modern deposits, and similar deposits have not been found anywhere else in the
geologic record. In the ash-bed case, the preservation of SAS is attributed to the early formation
of gypsum crystals due to high sulfate concentrations in a playa setting (Bao et al., 2003; Loope
et al., 2005). This is a unique case not yet encountered at other locations or times. The
identification of another more geologically common repository for SAS would be beneficial to
understanding past transient and secular atmospheric events as well as providing a better
understanding of the complex relationships among the carbon, sulfur, and oxygen cycles
throughout geologic history.
6In this project, caliche, a pedogenic carbonate commonly found in semi-arid to arid
settings, was explored as a potential reservoir for SAS. Caliche forms in semiarid environments
that are neither too arid nor too humid. Too little water in hyperarid regions prohibits the
necessary migration and concentration of a calcium cation (Ca2+) and a carbonate anion (CO3
2-),
which are necessary to form calcite, and too much water in humid climates leads to leaching of
these ions (Reeves, 1970). The Ca2+ cation enters the system from weathering of a variety of
minerals and CO3
2- enters through sources including desert loess (e.g. Ruhe, 1967, 1970;
Schlesinger, 1985), parent limestone bedrock, or silicate bedrock.
With the combined effects of a net water deficit and low precipitation rates of less than
100 cm per year, the carbonate accumulates in the soil and is available for transport and
accumulation during caliche formation (Jenny, 1980; Birkeland, 1984; Lee and Hisada, 1999).
The shallow soils of semiarid regions provide a perfect set of conditions for limited leaching and
excess evaporation of the carbonate-enriched groundwater, the processes leading to carbonate
deposition and caliche precipitation. Calcite precipitates into the pore spaces among the soil or
rock grains, cementing the soil together (e.g. Prothero and Schwab, 2004). Caliche normally
forms near the mean depth of rain penetration (Fuller, 1975).
It is well known that the precipitation of calcite can occlude certain amounts of sulfate
from an ambient solution within its crystal structure, and some of the occluded carbonate-
associated sulfate (CAS) may be structurally substituting for the carbonate ion (CO3
2-) (Takano
et al., 1980; Ichikuni, 1983; Staudt and Schoonen, 1995). In an arid or semi-arid soil where
leaching is limited and microbial sulfate reduction is absent, sulfate introduced into a soil column
as both dry and wet atmospheric depositions can accumulate and become occluded in a slow-
growing calcium carbonate, making the carbonate a viable repository for SAS (Fig. 1). If CAS in
7caliches were found to bear positive Δ17O values, the commonality and early appearance of
caliche in the geologic record (e.g., Harrison and Steinen, 1978; Knauth et al., 2003; Mack,
1992; Martini, 1994; McPherson, 1979; Melezhik et al., 2004; Wantanabe et al., 2004) would
allow it to serve as a viable repository for SAS that could be used to reconstruct past secular and
transient atmospheric sulfur-oxidation events. To test this hypothesis, stable isotope
compositions could be measured in a wide variety of caliche samples of different types, from
different time periods and geographic locations, and developed on diverse parent materials.
8CHAPTER 2. MATERIALS AND METHODS
Most of the semi-arid regions in the southwestern and mid-continental United States are
characterized by occurrences of secondary CaCO3-rich soil by-products known as “caliche” (e.g.
Reeves, 1970). Semantic debate exists among soil scientists and geologists as many use the term
“caliche” despite geomorphic relations, physical and chemical characteristics, and genesis (e.g.
Reeves, 1976; Machette, 1985). For example, the term has been used as a descriptor for the
nitrate-rich salts in the hyperarid Atacama Desert as well as gypsum deposits in Death Valley,
California (Goudie, 1973). This project does not refer to these types of deposits as caliche nor
does it include soil carbonate nodules (Fig. 3A) found in the deeper Bk or Ck horizons. Pedogenic
Ca- or Mg-rich carbonate formed near the soil surface in arid to semi-arid environments is the
definition of caliche used here. This use effectively includes all soil carbonates in the form of
massive deposits (Fig. 3B), indurated slabs (Fig. 3C), encrustations (Fig. 3D) , rinds (Fig. 3E),
and irregular concretions (Fig. 3F).
Massive caliche (Fig. 3B) refers to the thick deposits of CaCO3 that precipitate in or
replace a pre-existing soil or other unconsolidated deposit near the surface or in shallow deposits
(Machette, 1985). These deposits are typically greater than 10 cm in thickness. Caliche literature
often refers to the massive caliche type as “calcrete”. Slab caliche is similar to massive caliche in
that it is a near-surface thick deposit of CaCO3, but it is usually thinner than massive caliche
(<10 cm). Irregular concretions are well-cemented or poorly cemented CaCO3 nodules ranging
from 5 to 20 cm in diameter mixed among lenses or blocks of parent material or pre-existing soil
(Reeves, 1970). Rind and coating caliches are the thin, algal layers of caliche that encapsulate
rocks or pebbles at or very near the soil surface. Encrustation caliches are similar to these types,
but they usually form as cements among unconsolidated sediments.
9Figure 3. Various types of caliche and soil by-products studied in this project include A) fossil
soil carbonate nodule (Belen NM 1), B) active massive caliche (Marfa TX 1), C) fossil slab
caliche (Espanola NM 1), D) active encrustation caliche (Garfield NM 1), E) active rind caliche
(Sierra Blanca TX 1), F) active irregular concretion caliche (Eagle Nest NM 1), and G) active
gypcrete (Atacama 1).
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A variety of caliche samples were collected for this study (Appendix A, Appendix B),
and they fall into two major groups: 1) modern caliches actively developing in the southern High
Plains of North America (Texas and New Mexico) on diverse parent materials including
limestone, volcanic ash, basalt, rhyolite, colluvium, and alluvium, and 2) fossil caliches of
Eocene to Miocene ages developed on volcaniclastic sediments from the northern High Plains of
North America (northwestern Nebraska). Information pertaining to individual sites and caliche
samples are listed in Appendix A. Occurrence data, formation information, photographs, and
photomicrographs of each sample are included in Appendix B. Locations of sample collection
sites are mapped in Fig. 4. In addition to the caliche samples, some Pliocene carbonate nodules
from New Mexico (Belen NM 1 and 2) and active gypcrete samples (Fig. 3G) from the Atacama
Desert and Texas (Atacama 1 and 2 and Pecos TX 1) were included in the study for comparison.
A sample was first analyzed for CAS concentrations using small ~200 mg chips of the
caliche. The chips were cleaned in an ultrasonic bath using distilled and deionized (DD) water,
crushed to powder (Appendix C), and then dissolved in 0.1 M acetic acid. The solution was
evaporated to drive off excess acetic acid and diluted for the measurement of major anion
concentrations using an ion chromatograph (Dionex ICS-90). CAS used for isotope analyses was
extracted from a large aliquot of cleaned and crushed (Appendix C) caliche sample using a high-
grade HCl (1 M) solution. The solution was filtered through a 0.2 µm filter before adding barium
chloride (BaCl2) droplets to precipitate barite (BaSO4). The BaSO4 was further cleaned by two
repeated chleating and reprecipitation treatments (DDARP), a method using DTPA to dissolve
previously precipitated BaSO4 and to reprecipitate it by acidification (Bao, 2006). The triple-
oxygen isotopic measurements were determined using O2 generated from BaSO4 in a CO2
11
Figure 4. U.S. caliche collection sites. Caliches for CAS concentration and oxygen isotope
composition analysis were collected from 23 sites in the northern High Plains of Nebraska and
the southern High Plains of New Mexico and Texas, United States.
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laser-fluorination system (Bao and Thiemens, 2000) and run on an isotope-ratio mass
spectrometer (Finnigan MAT 253) at the Oxy-Anion Stable Isotope Center (OASIC) at
Louisiana State University (LSU). The δ18O value has an error of ~ ± 0.7‰ due to non-
quantitative yield during laser fluorination and may have unpredictable errors if BaSO4 is not
pure or grain size too coarse. The Δ17O has a much smaller measurement error of ±0.05‰
because of covariance between the δ18O and the δ17O. Whole-procedure duplicate measurements
from rock crushing to isotope measurement were conducted on six caliche samples. Three
samples yielded the same Δ 17O values between duplicates within analytical errors whereas the
other three produced very different results, which we attribute to sample heterogeneity. Oxygen
isotope measurement at LSU OASIC has been calibrated against UWG-2, a garnet sample from
John Valley’s laboratory at the University of Wisconsin (Bao et al., 2004). All oxygen isotope
compositions are reported with respect to VSMOW.
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CHAPTER 3. RESULTS
A total of 50 samples were analyzed for CAS concentration, but only 32 samples had
[CAS] > 100 ppm, a lower limit set for choosing samples for further sulfate extraction and Δ17O
measurement. Two of the caliches with high CAS content (>1000 ppm) failed to produce
anticipated quantities of sulfate, discrepancies possibly related to sample heterogeneity. The δ18O
values of CAS range from −1‰ to +30‰, with most values at +8.8 ± 3.4‰. From the data
(Appendix A) observations include 1) CAS content in caliches ranges from ~10 ppm to ~2000
ppm; 2) CAS Δ17O values range from −0.12‰ to +2.32‰; 3) no distinct pattern exists among
parent material, caliche occurrence, Δ17O value, or CAS concentration (Figs. 5-10); and 4) the
two highest Δ17O values (+2.32‰) for CAS are found in caliches developed on Eocene to
Miocene volcanic ashes in the northern High Plains. In addition, fossil soil carbonate nodules do
not have a distinct Δ17O anomaly in CAS. Active gypcretes reveal extremely high sulfate values
(22,000 ppm to 68,000 ppm), and the gypcrete sulfate shows a distinct Δ17O anomaly. Replicate
analyses of three caliche samples showed no variation within the analytical error, but the other
three replicate analyses were distinct. The largest discrepancy emerged in sample Gordon NE 1,
a fossil caliche developed on top of an Eocene ash bed. Three replicate extractions from the
original rock sample resulted in three different Δ17O values of +0.18‰, +0.47‰, and +2.32‰.
Replicate analyses on five other samples did not result in such great differences; three of them
resulted in identical Δ 17O values within analytical errors (Appendix A).
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Figure 5. Caliche CAS concentration is plotted according to the parent materials of
each sample.
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Figure 6. Caliche CAS and SAS Δ17O values are plotted according to the parent
materials of each sample.
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Figure 7. Caliche CAS concentration is plotted according to the formation types of
samples. Fossil carbonate nodules are included for comparison.
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Figure 8. Caliche CAS and SAS Δ17O values are plotted according to the formation
types of each sample. Fossil carbonate nodules are included for comparison.
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Figure 9. Δ17O values versus CAS concentrations in caliche. This plot does not
represent a mixing scenario because log plots of the same data reveal no trends.
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Figure 10. Caliche formation type versus caliche parent material.
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CHAPTER 4. DISCUSSION
An extensive survey of isotopic compositions in seawater sulfate throughout geologic time
and sulfate produced via oxidative weathering of sulfide minerals suggests a background Δ17O
value of −0.05‰ for terrestrial sulfate that does not involve atmospheric oxidation or mass
independent fractionation processes (Bao et al., 2000; Bao, 2005). Among the 32 caliche samples
analyzed in this study, 31 bear CAS that has Δ17O values higher than −0.05‰ with the highest
anomaly at +2.32‰. These data demonstrate that caliche is a geological rock type that could
retain SAS, confirming the initial hypothesis.
The magnitude of the Δ17O value in CAS of a caliche sample is determined by two factors.
The first is the Δ17O of SAS, which is determined by the relative roles played by O3, H2O2, ⋅OH,
or other oxidants during the sulfur-oxidation processes in the atmosphere. The involvement of
ozone as an oxidant will increase with increased pH in an aqueous medium (Liang and Jacobson,
1999; Seinfeld and Pandis, 1998). This will result in higher Δ17O values for SAS because of the
high Δ17O value of atmospheric O3 (Johnson et al., 2000; Krankowsky et al., 2000). It is
therefore expected that the Δ17O of SAS will vary geographically and seasonally.
The second factor that determines the Δ17O value of CAS in a caliche is the relative
proportion of SAS with respect to SO4
2- from other sources. For example, marine limestone may
have CAS that was inherited from the time of its formation (e.g. Burdett, 1989; Staudt and
Schoonen, 1994). Limestone forms in carbonate-rich seawater, which is also significantly
sulfate-rich. As mentioned before, sulfate can naturally replace the carbonate anion in CaCO3
(Takano, 1980; Ichikuni, 1983; Newton et al., 2004; Burdett et al., 1989) (Fig. 1). This CAS
subsequently would be leached out and reprecipitated in caliche forming on a CAS-rich
limestone parent. Volcanic ashes can carry magmatic sulfate and can provide surfaces for the
21
formation of sulfate by SO2 oxidation (Bao et al., 2003; Zimbelman et al., 2005), and oxidative
weathering of sulfide minerals also contributes sulfate to parent materials. All these sulfates bear
no Δ17O anomaly but can dilute the SAS signature in caliches.
The modern caliche samples from the southern High Plains recorded average Δ17O values
of SAS during the last several hundred thousand years — or longer depending on the age of a
particular surface. Despite the fact that anthropogenic emission has become the dominant source
of sulfur gases in the modern atmosphere, the Δ 17O value of current SAS can provide a good
estimate of what the value would be like in the past. The spatial and temporal measurements of
the Δ17O for modern SAS, however, are not satisfactory at this time. A few published rainwater
data (e.g., Johnson et al., 2001; Lee and Thiemens, 2001) may require revision because of
possible nitrate contamination during barite precipitation in the laboratory (Bao, 2006). Recent
analysis of year-round Δ17O values for total SAS in Baton Rouge, Louisiana, and Gering,
Nebraska, two mid-latitude sites in North America, reveal a yearly average Δ17O of ~ +0.70‰
(Jenkins and Bao, in review). This mid-latitude value is very different from the Antarctic value
of ~ +2.50‰ (Alexander, 2002; Bao, in review), possibly due to drastically different climate
conditions and stratospheric influx. If +0.70‰ is used as the end-member Δ17O value for SAS,
the estimated SAS content in caliches of the southern High Plains ranges from 0 to 85% of the
total CAS.
Two of the fossil caliches have Δ 17O values at +1.39 and +2.32‰, which are much higher
than values for the other caliches and also higher than the average mid-latitude value of +0.70‰.
In light of the discovery that the sulfate Δ 17O values are as high as +5.80‰ in one of the
volcanic ash beds in the Gering formation, Arikaree Group, northwestern Nebraska (Bao et al.,
2003), it is conceivable that similar atmospheric sulfur oxidation events associated with other
22
transient volcanic eruptions may occur. One scenario could be that extreme sulfuric-acid fogs
(“dry- fogs”) occurred because of the oxidation of dense volcanic SO2 in the atmosphere, and O3
was likely the main oxidant. Two fossil caliches may have recorded two of these atmospheric
events. A survey of fossil caliches developed on Cenozoic volcaniclastic deposits in North
America may reveal the nature and extent of these transient atmospheric sulfur-oxidation events
in Cenozoic North America.
The highest CAS concentration is found in caliches that are developing on limestones (Fig.
5; Appendix A). The dilution effect explains the fact that many caliches developed on limestones
have low Δ17O values in their CAS. The rind caliches developed on basalt all have moderate
Δ17O values (average +0.37‰) (Fig. 6), probably due to a smaller contribution of normal sulfate
from weathering or from parent materials. This suggests that caliches developed on subaerial
basalts or other volcanic rocks are good geologic formations for recording long-term atmospheric
sulfate signatures of the past (e.g., Archean). Mineral dust also contributes to the soil sulfate
budget, but dust is often the mixture of many types of sulfates in surface environments and may
bear Δ17O anomalies.
Only 4 out of 10 fossil caliches developed on volcaniclastic materials in the High Plains
have [CAS] > 100 ppm. The two younger caliches developed on Pleistocene volcanic ashes at
Espanola, New Mexico, have < 60 ppm sulfate. This suggests a difficulty of preserving sulfate in
porous volcanic materials in even a moderately arid environment like northern New Mexico. The
fact that some of the fossil caliches in the northern High Plains still retain CAS at 100- to 300-
ppm levels suggests 1) the Eocene to Miocene climate in the northern High Plains was drier than
that of Pleistocene northern New Mexico, and/or 2) the influx of atmospheric sulfate was higher
during some episodes in the past, probably associated with intense discharge events of volcanic
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SO2. Meanwhile, caliches developed on ancient volcaniclastic sediments exhibit the largest range
of sulfate Δ 17O values (Fig. 6) suggesting that sulfuric-acid fogs or dry fogs may accompany
some volcanic events. This study demonstrates the potential for using fossil caliches in
reconstructing past atmospheric events.
The presence of significant heterogeneity with respect to CAS Δ 17O values is manifested
by replicate sulfate extractions and isotope measurements within a single caliche sample. The
difference ranges from +0.06‰ to +2.16‰ in some of the modern and ancient caliche samples.
The great heterogeneity in CAS concentration and its isotope compositions may help to uncover
the dynamic processes involved during atmospheric sulfate deposition and sulfate occlusion
during caliche formation.
Also, the presence of a distinct anomaly in gypcretes from the Atacama suggests the SAS
can be incorporated into those soil by-products as well. Granted, the overall SO4
2- concentrations
are much higher because of the chemistry of the gypcrete (CaSO4 or MgSO4); however, some of
the SO4
2- included in solid gypcrete formation is of atmospheric origin as indicated by the
presence of the Δ17O anomaly.
Finally, the lack of distinct Δ 17O anomalies in CAS extracted from two Pliocene fossil soil
carbonate nodules suggest that soil carbonates formed at depth (e.g., Bk horizon) may retain few
original SAS signatures that could survive microbial redox alteration during downward
migration. Most of the modern caliche samples that bear high Δ 17O values form at or near the
top 10 cm of the soil profile, a much drier formation condition than that in which soil carbonate
nodules formed at depths greater than 30 cm.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
Triple-oxygen isotopic analyses of CAS in both modern and ancient caliches show that the
carbonate formation typical of arid-climate soils is a good repository for atmospheric sulfate
deposition. The sulfate occluded in caliches is a mixture of SAS and background sulfate derived
from weathering or inherited from parent materials. Depending on the formation mechanism and
the time period represented by a caliche sample, the SAS in it holds information about long-term
or transient signatures of atmospheric sulfur oxidation chemistry.
The tool outlined in this project can be used to explore a variety of Earth system problems.
A few of the more prevalent ones are listed below.
1) A prominent literature debate exists among scientists about the evolution of atmospheric
oxygen. Two distinct models have emerged as solutions to questions about the rise of
atmospheric oxygen; however, scientists cannot agree on one of these models. The first model —
and the one agreed upon by most scientists — was postulated by Cloud (1968), Walker (1977),
Kasting (1987), and Holland (1992) and suggests the atmosphere was anoxic prior to 2.2 Ga, and
O2 partial pressure levels were less than 0.1% of the present atmospheric level. The model goes
on to say that a dramatic jump of O2 partial pressure between 2.2 and 1.9 Ga to more than 15%
of the present level was succeeded by a gradual increase to the present level. The model
described by Dimroth and Kimberley (1976) and Ohmoto (1992; 1997) is held by a minority and
states that the atmospheric O2 partial pressure levels have been essentially constant since
approximately 4 Ga (within ±50% of present levels). The lack of solid evidence indicating the
presence of atmospheric oxygen in the Archean has kept this debate alive.
Various methods of measuring past atmospheric compositions, like measuring fossil
atmospheres in ice cores, cannot be applied to the Archean because the recorders do not exist
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from that period. But if a reliable recorder of ancient atmospheric composition could be obtained,
an answer to this important debate in Earth’s history could be reached.
2) Global mass extinctions at the Cretaceous-Tertiary (K-T), Eocene-Oligocene, and
Cenomanian-Turonian (C-T) boundaries have been studied and shown in ocean and terrestrial
records to immediately precede global climatic shifts like intense warming or cooling events
(e.g. Li and Keller, 1998; Nordt et al., 2003). Analysis of triple-oxygen isotope ratios in ancient
caliches from these time periods could provide information about the atmospheric dynamics that
led to or were the result of the extinctions and the catastrophies that caused them.
3) As mentioned above, caliches could be a source of atmospheric information about
transient events like the massive dry fogs that could have enveloped western North America
during high volcanism periods in the late Oligocene and early Miocene. Caliches from various
times and locations throughout geologic history could be important tools for tracing and
understanding atmospheric sulfur-oxidation processes and the effect these events have on the
global sulfur and oxygen budgets.
4) A number of ancient and fossil caliches cited in the literature is listed according to
geologic age in Table 1. This non-exhaustive list would be a good place to start in establishing an
ancient SAS record from caliches.
If modern soil caliches can be demonstrated to preserve SAS, then this information can
be used to apply toward the past. Fossil caliches could be powerful tools for determining
atmospheric composition and chemical processes of the distant past. One of the most important
applications would be to test the hypothesis that the Archean (>2.5 Ga) atmosphere did not have
free O2 — and therefore did not have O3. The Δ
 17O, δ18O, and multiple sulfur isotope data of
SAS can contribute considerably to our understanding of these atmospheric events of the past.
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APPENDIX A. DATA TABLE
Sample name* Δ17O δ18O [SO4
2-] Parent Formation
(ppm) material type
1. Active caliches from southern High Plains
Marfa TX 3A§ +0.68 5.7
Marfa TX 3B§ +0.97 7.9
Ozona TX 1 +0.58 12.2 84 limestone massive
Eagle Nest NM 1A§ +0.39 15.7
Eagle Nest NM 1B§ +0.84 9.7
Mentone TX 5 +0.38 10.6 495 limestone massive
Clayton NM 2A§ +0.24 5.5
Clayton NM 2B§ +0.18 9.7
Ozona TX 2 +0.20 13.6 83 limestone rind
Mentone TX 6 +0.12 7.0 402 limestone massive
Marathon TX 1 +0.12 10.0 117 basalt rind
Marathon TX 3 +0.07 6.1 98 rhyolite slab
Mentone TX 2 +0.07 7.8 302 limestone concretion
Marathon TX 2 +0.06 10.3 339 rhyolite massive
Garfield NM 1 +0.06 2.7 88 alluvium encrustation
Magdalena NM 1 +0.05 6.5 111 rhyolite rind
Marfa TX 2 +0.05 6.0 153 basalt slab
Magdalena NM 2 +0.04 6.4 220 rhyolite rind
Mentone TX 8 +0.03 6.0 563 limestone massive
Sierra Blanca TX 1 +0.02 7.9 37 limestone rind
Kerrville TX 1 +0.01 14.2 1211 limestone massive
Mentone TX 1 +0.01 6.0 253 limestone massive
Socorro NM 1 0.00 3.9 112 alluvium encrustation
Mentone TX 7 0.00 8.8 397 limestone massive
Kerrville TX 2 -0.02 15.0 121 limestone concretion
Mentone TX 4 -0.12 8.3 351 limestone massive
Clayton NM 1 N.D.# N.D. 43 basalt rind
Albuquerque NM 1 N.D. N.D. 58 basalt concretion
Kerrville TX 3 N.D. N.D. 60 limestone massive
Alpine TX 1 N.D. N.D. 72 basalt slab
Clayton NM 3 N.D. N.D. 101 basalt rind
Tuff Canyon TX 1 N.D. N.D. 119 ash massive
Mentone TX 3 N.D. N.D. 127 limestone massive
Marfa TX 1 N.D. N.D. 1113 basalt concretion
Guadalupe TX 1 N.D. N.D. 1914 limestone massive
Pleistocene caliches on volcanic ashes
Espanola NM 1 N.D. N.D. 60 ash slab
Espanola NM 2 N.D. N.D. 52 ash slab
Belen NM 1 +0.01 5.7 212 paleosol nodule
Belen NM 2 +0.05 4.2 269 paleosol nodule
Hanford WA 1 N.D. N.D. 82 paleosol nodule
Active gypcretes
Atacama 2 +0.27 25.7 67629 gypcrete massive
Atacama 1 +0.23 15.7 21978 gypcrete massive
Pecos TX 1 -0.02 23.2 32888 gypcrete massive
2. Oligocene-Miocene caliches from northern High Plains
Broadwater NE 4A§ +0.37 -1.0
Broadwater NE 4B§ +0.45 33.8
Gordon NE 1A§ +0.16 36.4
Gordon NE 1B§ +2.32 2.6
Gordon NE 1C§ +0.47 30.1
Chadron NE 1A§ +0.15 3.9
Chadron NE 1B§ +0.18 3.6
Broadwater NE 1A N.D. N.D. 10 ash massive
Broadwater NE 1B +1.39 1.4 250 ash massive
Broadwater NE 2 N.D. N.D. 11 ash massive
Toadstool Park NE 1 N.D. N.D. 12 ash concretion
Broadwater NE 3 N.D. N.D. 15 ash slab
Gering NE 1 N.D. N.D. 36 ash slab
Chadron NE 2 N.D. N.D. 78 ash slab
   Note:  Caliche samples were collected during the 2005 field 
season from the High Plains, North America. 
   *Samples are named according to their location and categorized
in two major groups (see text). 
   §Indicates replicate measurements, which are named with the 
same label as the original sample plus “A”, “B”, or “C”.
   #N.D. = no data.Indicates either there was not enough sulfate to 
be extracted according to measured [CAS] or extractions did not 
yield sufficient quantities of sulfate for isotope measurements. 
140 ash massive
126
60
127
basalt rind
colluvium concretion
119 ash slab
298 ash slab
Pliocene soil carbonate nodules (Bk horizon)
CONCENTRATION, ISOTOPE, AND
OCCURRENCE DATA OF CAS 
EXTRACTED FROM CALICHE SAMPLES
basalt rind
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APPENDIX B.
DESCRIPTIONS AND PHOTOGRAPHS OF CALICHE SAMPLES
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Albuquerque NM 1
Figure 11. Albuquerque NM 1.
Latitude: 34º 56.264’ N
Longitude: 106º 42.578’ W
Geology: Active slab caliche developed on upper Miocene basalt flows of the Palomas
Formation (New Mexico Bureau of Geology and Mineral Resources, 2003). The caliche
outcropped at the top of the approximately 5 m bank among a few thin, light-brown limey soils.
A few sandstones and ash layers are present. A few thin caliche rinds developed on basalt, but
the majority of caliche at this site is in 6-10 cm slabs at the top of the outcrop.
Δ17O: not measured
δ18O: not measured
[SO42-]: 58 ppm
Collection: Sample Albuquerque NM 1 (C205) was collected by Katie Howell and Huiming Bao
on June 11, 2005, at a roadcut on Interstate 25 South just south of Albuquerque, New Mexico. It
is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton
Rouge, Louisiana.
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Alpine TX 1
Figure 12. Alpine TX 1.
  
Figure 13. Alpine TX 1 (plane, 4x).               Figure 14. Alpine TX 1 (XP, 4x).
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Alpine TX 1 (continued)
Latitude: 30º 21.983’ N
Longitude: 103º 37.984’ W
Geology: Active slab caliche developed on Eocene and Paleocene basalt of the Cottonwood
Spring Formation of the Buck Hill Group (Renfro et al., 1973).  Few soils are present among the
massive basalt outcrops and thin (<8 cm) caliche slabs and rinds. Caliche is extremely hard and
well-cemented.
Δ17O: not measured
δ18O: not measured
[SO42-]: 72 ppm
Collection: Sample Alpine TX 1 (KH2-5) was collected by Katie Howell on March 23, 2005, at
a roadcut on US 90 East between Alpine and Marathon, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Atacama 1
Figure 15. Atacama 1.
Latitude: 23º 40.533’ S
Longitude: 68º 40.600’ W
Geology: Active gypcrete from the Atacama Desert, Chile, on the slope of the Domeyko Range
(Bao et al., 2004). The gypcrete samples came from the bottom of the section below poorly
developed varnish pebbles. Many small, dry channels run down the hill slope.
Δ17O: +0.227‰
δ18O: 15.7‰
[SO42-]: 16,124 ppm
Collection: Sample Atacama 1 (AT48-1) was collected by Huiming Bao on November 12, 2001,
in the Atacama Desert, Chile. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at
Louisiana State University, Baton Rouge, Louisiana.
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Atacama 2
Figure 16. Atacama 2.
Latitude: 23º 40.533’ S
Longitude: 68º 40.600’ W
Geology: Active gypcrete from the Atacama Desert, Chile, on the slope of the Domeyko Range
(Bao et al., 2004). The gypcrete samples came from the bottom of the section below poorly
developed varnish pebbles. Many small, dry channels run down the hill slope.
Δ17O: +0.270‰
δ18O: +25.7‰
[SO42-]: 67,629 ppm
Collection: Sample Atacama 2 (AT48-2) was collected by Huiming Bao on November 12, 2001,
in the Atacama Desert, Chile. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at
Louisiana State University, Baton Rouge, Louisiana.
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Belen NM 1
Figure 17. Belen NM 1.
Latitude: 34º 39.037’ N
Longitude: 106º 48.600’ W
Geology: Pliocene carbonate nodules formed in well-developed calcic paleosol of the Arroyo
Ojito formation (Rawling, 2003). The soil layer containing the nodules is approximately 1 m
thick with about 0.5 m between subsequent layers. Above the paleosol, a modern layered sandy,
muddy, and graveliferous matrix is 1-2 m thick.
Δ17O: +0.01‰
δ18O: 5.19‰
[SO42-]: 212 ppm
Collection: Sample Belen NM 1 (C206-1) was collected by Katie Howell and Huiming Bao on
June 11, 2005, at a roadcut on Carnino Del Llano Road off Interstate 25 South near Belen, New
Mexico. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Belen NM 2
Figure 18. Belen NM 2.
Latitude: 34º 39.037’ N
Longitude: 106º 48.600’ W
Geology: Pliocene carbonate nodules formed in well-developed calcic paleosol of the Arroyo
Ojito formation (Rawling, 2003). The soil layer containing the nodules is approximately 1 m
thick with about 0.5 m between subsequent layers. Above the paleosol, a modern layered sandy,
muddy, and graveliferous matrix is 1-2 m thick.
Δ17O: +0.05‰
δ18O: 4.2‰
[SO42-]: 269 ppm
Collection: Sample Belen NM 2 (C206-2) was collected by Katie Howell and Huiming Bao on
June 11, 2005, at a roadcut on Carnino Del Llano Road off Interstate 25 South near Belen, New
Mexico. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Broadwater NE 1A and Broadwater NE 1B
Figure 19. Broadwater NE 1.
  
Figure 20. Broadwater NE 1 (plane, 10x).            Figure 21. Broadwater NE 1 (XP, 10x).
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Broadwater NE 1A and Broadwater NE 1B (continued)
Latitude: 41º 28.448’ N
Longitude: 102º 50.28’ W
Geology: Miocene well-cemented massive caliche developed on Ogallala Formation ash
(Diffendal, 1984). The sample is well-cemented and formed among loose ash layers.
Broadwater NE 1A Δ17O: not measured
Broadwater NE 1A δ18O: not measured
Broadwater NE 1A [SO42-]: 10 ppm
Broadwater NE 1B Δ17O: +1.39‰
Broadwater NE 1B δ18O: 1.4‰
Broadwater NE 1B [SO42-]: 250 ppm
Collection: Sample Broadwater NE 1 (LB40) was collected by Huiming Bao on October 5,
2000, off US 26 East near Broadwater, Nebraska. It is stored in the Oxy-Anion Stable Isotope
Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Broadwater NE 2
Figure 22. Broadwater NE 2.
Latitude: 41º 28.448’ N
Longitude: 102º 50.28’ W
Geology: Miocene well-cemented massive caliche developed on Ogallala Formation ash
(Diffendal, 1984). Sample Broadwater NE 2 is stratigraphically below Broadwater NE 1.
Δ17O: not measured
δ18O: not measured
[SO42-]: 11 ppm
Collection: Sample Broadwater NE 2 (LB42) was collected by Huiming Bao on October 5,
2000, at an outcrop off US 26 East near Broadwater, Nebraska. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Broadwater NE 3
Figure 23. Broadwater NE 3.
Latitude: 41º 28.448’ N
Longitude: 102º 50.28’ W
Geology: Miocene well-cemented massive caliche developed on Ogallala Formation ash
(Diffendal, 1984). Sample Broadwater NE 3 is down-section stratigraphically from samples
Broadwater NE 1 and 2. Individual caliche layers are 2-3 cm thick.
Δ17O: not measured
δ18O: not measured
[SO42-]: 15 ppm
Collection: Sample Broadwater NE 3 (LB48) was collected by Huiming Bao on October 5,
2000, at an outcrop off US 26 East near Broadwater, Nebraska. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Broadwater NE 4A and Broadwater NE 4B
Figure 24. Broadwater NE 4. The sample collection site is near the middle of the depression in
the photograph.
  
Figure 25. Broadwater NE 4 (plane, 4x).          Figure 26. Broadwater NE 4 (XP, 20x).
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Broadwater NE 4A and Broadwater NE 4B (continued)
Latitude: 41º 28.448’ N
Longitude: 102º 50.28’ W
Geology: Miocene well-cemented massive caliche developed on Ogallala Formation ash
(Diffendal, 1984). Samples Broadwater NE 4A and 4B are below samples Broadwater NE 1, 2,
and 3 stratigraphically. The ash is loose and white.
Broadwater NE 4A Δ17O: +0.37‰
Broadwater NE 4A δ18O: -1.0‰
Broadwater NE 4A [SO42-]: 140 ppm
Broadwater NE 4B Δ17O: +0.45
Broadwater NE 4B δ18O:  33.8‰
Broadwater NE 4B [SO42-]: 140 ppm
Collection: Sample Broadwater NE 4 (LB51) was collected by Huiming Bao on October 5,
2000, at an outcrop off US 26 East near Broadwater, Nebraska. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Chadron NE 1A and Chadron NE 1B
Latitude: 42º 47.983’ N
Longitude: 102º 51.204’ W
Geology: Oligocene well-cemented slab caliche developed on volcanic ash of the Ash Creek
Formation (Diffendal, 1984).
Chadron NE 1A Δ17O: +0.15‰
Chadron NE 1A δ18O: 3.9‰
Chadron NE 1A [SO42-]: 298 ppm
Chadron NE 1B Δ17O: +0.18‰
Chadron NE 1B δ18O: 3.6‰
Chadron NE 1B [SO42-]: 298 ppm
Collection: Sample Chadron NE 1 (G-ERR) was collected by Huiming Bao on August 7, 2002,
on the eastern side of the Redfern Ranch off US 20 East near Chadron, Nebraska. It is stored in
the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Chadron NE 2
Figure 27. Chadron NE 2. The sample site is 1m below the top of the outcrop.
Latitude: 42º 47.956’ N
Longitude: 102º 51.349’ W
Geology: Oligocene well-cemented slab caliche developed on volcanic ash and coarse, well-
cemented channel deposits of the Ash Creek Formation (Diffendal, 1984).
Δ17O: not measured
δ18O: not measured
[SO42-]: 78 ppm
Collection: Sample Chadron NE 2 (G51-1) was collected by Huiming Bao on August 7, 2002,
on Redfern Ranch off US 20 East near Chadron, Nebraska. It is stored in the Oxy-Anion Stable
Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Clayton NM 1
Figure 28. Clayton NM 1.
Latitude: 36º 28.764’ N
Longitude: 103º 16.295’ W
Geology: Active rind caliche formed on Pliocene Clayton Basalt flows (New Mexico Bureau of
Geology and Mineral Resources, 2003). The landscape across the northeastern corner of New
Mexico changes dramatically toward the east. The elevation drops significantly from the fairly
humid Raton, New Mexico, to Clayton, New Mexico, where drier climate conditions are
conducive to caliche formation. Basalt flows are intermixed with sandy conglomerates and
poorly cemented gravels.
Δ17O: not measured
δ18O: not measured
[SO42-]: 43 ppm
Collection: Sample Clayton NM 1 (C199-1) was collected by Katie Howell and Huiming Bao on
June 10, 2005, along US 64/87 West between Mount Dora and Clayton, New Mexico. It is stored
in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Clayton NM 2A and Clayton NM 2B
Figure 29. Clayton NM 2.
Latitude: 36º 28.764’ N
Longitude: 103º 16.295’ W
Geology: Active rind caliche formed on Pliocene Clayton Basalt flows (New Mexico Bureau of
Geology and Mineral Resources, 2003). The landscape across the northeastern corner of New
Mexico changes dramatically toward the east. The elevation drops significantly from the fairly
humid Raton, New Mexico, to Clayton, New Mexico, where drier climate conditions are
conducive to caliche formation. Basalt flows are intermixed with sandy conglomerates and
poorly cemented gravels.
Clayton NM 2A Δ17O: +0.24
Clayton NM 2A δ18O: 5.5‰
Clayton NM 2A [SO42-]: 127 ppm
Clayton NM 2B Δ17O: +0.18
Clayton NM 2B δ18O: 9.7‰
Clayton NM 2B [SO42-]: 127 ppm
Collection: Sample Clayton NM 2 (C199-2) was collected by Katie Howell and Huiming Bao on
June 10, 2005, along US 64/87 West between Mount Dora and Clayton, New Mexico. It is stored
in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Clayton NM 3
Figure 30. Clayton NM 3.
Latitude: 36º 28.764’ N
Longitude: 103º 16.295’ W
Geology: Active rind caliche formed on Pliocene Clayton Basalt flows (New Mexico Bureau of
Geology and Mineral Resources, 2003). The landscape across the northeastern corner of New
Mexico changes dramatically toward the east. The elevation drops significantly from the fairly
humid Raton, New Mexico, to Clayton, New Mexico, where drier climate conditions are
conducive to caliche formation. Basalt flows are intermixed with sandy conglomerates and
poorly cemented gravels.
Δ17O: not measured
δ18O: not measured
[SO42-]: 101 ppm
Collection: Sample Clayton NM 3 (C199-3) was collected by Katie Howell and Huiming Bao on
June 10, 2005, along US 64/87 East between Mount Dora and Clayton, New Mexico. It is stored
in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Eagle Nest NM 1A and Eagle Nest NM 1B
Figure 31. Eagle Nest NM 1.
Latitude: 36º 32.602’ N
Longitude: 105º 14.144’ W
Geology: Active irregular concretion caliche formed on upper Cretaceous colluvial facies of the
Virden Formation (New Mexico Bureau of Geology and Mineral Resources, 2003). The entire
caliche layer is about 20 cm thick, and the poorly cemented concretions are intermixed with ashy
calcic soils. Blocky, friable concretions range from 5-15 cm in diameter.
Eagle Nest NM 1A Δ17O: +0.39‰
Eagle Nest NM 1A δ18O: +15.7‰
Eagle Nest NM 1A  [SO42-]: 60 ppm
Eagle Nest NM 1B Δ17O: +0.84‰
Eagle Nest NM 1B δ18O: +9.7‰
Eagle Nest NM 1B  [SO42-]: 60 ppm
Collection: Sample Eagle Nest NM 1 (C202) was collected by Katie Howell and Huiming Bao
on June 11, 2005, at a roadcut on US 64 West between Ute Park and Eagle Nest, New Mexico. It
is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton
Rouge, Louisiana.
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Espanola NM 1
Figure 32. Espanola NM 1.
Latitude: 35º 54.753’ N
Longitude: 106º 00.962’ W
Geology: Pleistocene slab caliche formed on late Miocene ash and sandstone of the Tesuque
Formation (Koning, 2002). Caliche outcrops about 30-40 cm below the surface of the outcrop.
The caliche slabs are about 60 cm thick total but thicken, harden, and become more solidified
farther down the outcrop. This sample comes from the most well-cemented slab layer.
Δ17O: not measured
δ18O: not measured
[SO42-]: 60 ppm
Collection: Sample Espanola NM 1 (C203-1) was collected by Katie Howell and Huiming Bao
on June 11, 2005, at a roadcut on US 285 North between Espanola and Pojoaque, New Mexico.
It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University,
Baton Rouge, Louisiana.
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Espanola NM 2
Figure 33. Espanola NM 2.
Latitude: 35º 54.753’ N
Longitude: 106º 00.962’ W
Geology: Pleistocene slab caliche formed on late Miocene ash and sandstone of the Tesuque
Formation (Koning, 2002). Caliche outcrops about 30-40 cm below the surface of the outcrop.
The caliche slabs are about 60 cm thick total but thicken, harden, and become more solidified
farther down the outcrop. This sample includes the poorly cemented caliche intermixed among
the gray ash layer.
Δ17O: not measured
δ18O: not measured
[SO42-]: 52 ppm
Collection: Sample Espanola NM 2 (C203-2) was collected by Katie Howell and Huiming Bao
on June 11, 2005, at a roadcut on US 285 North between Espanola and Pojoaque, New Mexico.
It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University,
Baton Rouge, Louisiana.
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Garfield NM 1
Figure 34. Garfield NM 1.
Latitude: 32º 43.921’ N
Longitude: 107º 12.854’ W
Geology: Active encrustation caliche developed on upper Miocene alluvium of the Arroyo
Formation (New Mexico Bureau of Geology and Mineral Resources, 2003). The well-cemented
encrustation solidified gravels and cobbles of a dry river channel.
Δ17O: +0.06‰
δ18O: 2.7‰
[SO42-]: 88 ppm
Collection: Sample Garfield NM 1 (C210) was collected by Katie Howell and Huiming Bao on
June 11, 2005, from a dry river channel adjacent to Interstate 25 South near Garfield, New
Mexico. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Gering NE 1
Figure 35. Gering NE 1.
Latitude: 41º 50.500’ N
Longitude: 103º 42.500’ W
Geology: Oligocene well-cemented slab caliche developed on volcanic ash of the White River
Group of the Brule Formation (Terry and LaGarry, 1998). The ash layer is well-cemented and
thin with trace fossils on the top of the layer.
Δ17O: not measured
δ18O: not measured
[SO42-]: 36 ppm
Collection: Sample Gering NE 1 (LB7) was collected by Huiming Bao and Dave Loope on
October 3, 2000, from the north side of the tunnel along the walking trail in Scotts Bluff National
Monument. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Gordon NE 1
Figure 36. Gordon NE 1. The caliche outcrops midway up the butte.
Latitude: 42º 55.026’ N
Longitude: 103º 28.033’ W
Geology: Oligocene well-cemented slab caliche developed on J-ash of the Chadron Formation
(Terry and LaGarry, 1998).
Gordon NE 1A Δ17O: +0.16‰
Gordon NE 1A δ18O: 36.4‰
Gordon NE 1A  [SO42-]: 119 ppm
Gordon NE 1B Δ17O: +2.32‰
Gordon NE 1B δ18O: 2.6‰
Gordon NE 1B  [SO42-]: 119 ppm
Gordon NE 1C Δ17O: +0.47‰
Gordon NE 1C δ18O: 30.1‰
Gordon NE 1C  [SO42-]: 119 ppm
Collection: Sample Gordon NE 1 (G3-2) was collected by Huiming Bao on August 3, 2002, at
an outcrop along Nebraska Highway 2/71 South north of Fort Robinson, Nebraska. It is stored in
the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
0.5 m
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Guadalupe TX 1
Figure 37. Guadalupe TX 1.
Latitude: 31º 49.016’ N
Longitude: 104º 49.717’ W
Geology: Active massive caliche developed on Permian limestone of the Cherry Canyon
Formation (Barnes et al., 1968). Caliche beds outcrop at the top of the 3-4 meter outcrop of well-
cemented, blocky limestone. The caliche thicknesses range from 10-12 cm and are surrounded
by very thin brown soils.
Δ17O: not measured
δ18O: not measured
[SO42-]: 1914 ppm
Collection: Sample Guadalupe TX 1 (KH2-1) was collected by Katie Howell on March 23,
2005, at a roadcut on Texas Highway 54 South between Guadalupe Mountains National Park and
Van Horn, Texas. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana
State University, Baton Rouge, Louisiana.
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Hanford WA 1
Latitude: not measured
Longitude: not measured
Geology: Pliocene-Pleistocene carbonate nodules developed in a paleosol derived from basalts
of the Pliocene Ringold Formation in the Pasco Basin of Washington state (Slate, 1996). The
nodules are well-cemented and approximately 5-6 cm in diameter.
Δ17O: not measured
δ18O: not measured
[SO42-]: 82 ppm
Collection: Sample Hanford WA 1 (Hanford) was collected by Michael Singleton from the U.S.
defense materials production site near Hanford, Washington. It is stored in the Oxy-Anion Stable
Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Kerrville TX 1
Latitude: 30º 04.016’ N
Longitude: 99º 06.95’ W
Geology: Active massive caliche developed on lower Cretaceous limestone of the Glen Rose
Formation (Barnes et al., 1981b). Caliche outcrops in irregular patches in well-developed soil
along a ravine bank. The blocks of caliche incorporate many small alluvial pebbles and
limestone clasts.
Δ17O: +0.01‰
δ18O: 14.2‰
[SO42-]: 1211 ppm
Collection: Sample Kerrville TX 1 (KH1-1) was collected by Katie Howell on March 20, 2005,
in a ravine adjacent to Texas Highway 16 South in Kerrville, Texas. It is stored in the Oxy-
Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Kerrville TX 2
Latitude: 30º 04.016’ N
Longitude: 99º 06.95’ W
Geology: Active massive caliche developed on lower Cretaceous limestone of the Glen Rose
Formation (Barnes et al., 1981b). Caliche outcrops in irregular patches in well-developed soil
along a ravine bank. The blocks of caliche incorporate many small alluvial pebbles and
limestone clasts.
Δ17O: -0.02‰
δ18O: 15.0‰
[SO42-]: 121 ppm
Collection: Sample Kerrville TX 2 (KH1-2) was collected by Katie Howell on March 20, 2005,
in a ravine adjacent to Texas Highway 16 South in Kerrville, Texas. It is stored in the Oxy-
Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Kerrville TX 3
Figure 38. Kerrville TX 3.
Latitude: 30º 04.053’ N
Longitude: 99º 06.98’ W
Geology: Active massive caliche developed on lower Cretaceous limestone of the Glen Rose
formation (Barnes et al., 1981b). Caliche layers are 6-15 cm thick and outcrop near the surface of
the approximately 3 m tall outcrop. Soils around the caliche are yellow-orange and well-
developed.
Δ17O: not measured
δ18O: not measured
[SO42-]: 60 ppm
Collection: Sample Kerrville TX 3 (KH1-3) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 16 North in Kerrville, Texas. It is stored in the Oxy-Anion Stable
Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Magdalena NM 1
Figure 39. Magdalena NM 1.
Latitude: 34º 00.272’ N
Longitude: 106º 58.268’ W
Geology: Active rind caliche formed on Oligocene rhyolite of the Luis Lopez Formation of the
Mogollan Group (Chamberlin, 1999). Poorly cemented caliche blocks also occur in the thin soils
above the rhyolite blocks. Caliche rinds are 0.5 to 1 cm in thickness.
Δ17O: +0.05‰
δ18O: 6.5‰
[SO42-]: 111 ppm
Collection: Sample Magdalena NM 1 (C208-1) was collected by Katie Howell and Huiming
Bao on June 11, 2005, at a roadcut on US 60 West between Socorro and Magdalena, New
Mexico. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Magdalena NM 2
Figure 40. Magdalena NM 2.
Latitude: 34º 00.272’ N
Longitude: 106º 58.268’ W
Geology: Active rind caliche formed on Oligocene rhyolite of the Luis Lopez Formation of the
Mogollan Group (Chamberlin, 1999). Poorly cemented caliche blocks also occur in the thin soils
above the rhyolite blocks. Caliche rinds are 0.5 to 1 cm in thickness.
Δ17O: +0.04‰
δ18O: 6.4‰
[SO42-]: 220 ppm
Collection: Sample Magdalena NM 2 (C208-2) was collected by Katie Howell and Huiming
Bao on June 11, 2005, at a roadcut on US 60 West between Socorro and Magdalena, New
Mexico. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
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Marathon TX 1
Latitude: 30º 12.367’ N
Longitude: 103º 14.183’ W
Geology:  Active rind caliche developed on Eocene basalts of the Pruett Formation in the
Tornillo Group (Renfro et al., 1973). Caliche is not well-cemented, and some weathered pieces
intermingle with gravels and pebbles to form a coarse, limey soil.
Δ17O: +0.12‰
δ18O: 10.0‰
[SO42-]: 117 ppm
Collection: Sample Marathon TX 1 (KH2-6) was collected by Katie Howell on March 23, 2005,
at the intersection of US 90 East and US 385 South in Marathon, Texas. It is stored in the Oxy-
Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Marathon TX 2
Figure 41. Marathon TX 2.
Latitude: 29º 49.033’ N
Longitude: 103º 12.150’ W
Geology: Active rind caliche developed on Tertiary basalt of the South Rim Formation (Barnes
et al., 1979b). Caliche rinds are 0.2-0.5 cm thick and form on basalt cobbles and boulders. The
basalts and caliche outcrop among thick, well-developed yellow-orange soils. Soil surfaces
exhibit extensive weathering.
Δ17O: +0.06‰
δ18O: 10.3‰
[SO42-]: 339 ppm
Collection: Sample Marathon TX 2 (KH4-1) was collected by Katie Howell on March 25, 2005,
at a roadcut on US 385 North between Big Bend National Park and Marathon, Texas. It is stored
in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Marathon TX 3
Figure 42. Marathon TX 3.
Latitude: 29º 52.417’ N
Longitude: 103º 15.067’ W
Geology: Active rind caliche developed on Tertiary basalt of the South Rim Formation (Barnes
et al., 1979b). Caliche rinds are 0.2-0.5 cm thick and form on basalt cobbles and boulders. The
basalts and caliche outcrop among thick, well-developed yellow-orange soils. Soil surfaces
exhibit extensive weathering.
Δ17O: +0.07‰
δ18O: 6.1‰
[SO42-]: 98 ppm
Collection: Sample Marathon TX 3 (KH4-2) was collected by Katie Howell on March 25, 2005,
at a roadcut on US 385 North between Big Bend National Park and Marathon, Texas. It is stored
in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge,
Louisiana.
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Marfa TX 1
Figure 43. Marfa TX 1.
Latitude: 30º 23.483’ N
Longitude: 104º 15.083’ W
Geology: Active massive caliche developed on Oligocene Petan Basalt flows of the Garren
Group (Barnes et al., 1979a). Caliche beds range from 12-20 cm in thickness and include smaller
broken clasts of weathered basalt pebbles (3-5 cm diameter). The reddish-yellow soil is well-
mixed with numerous weathered basalt and alluvial clasts. The caliche sample is fairly young in
development and not well solidified.
Δ17O: not measured
δ18O: not measured
[SO42-]: 1113 ppm
Collection: Sample Marfa TX 1 (KH2-2) was collected by Katie Howell on March 23, 2005, at a
roadcut on US 90 South between Valentine and Marfa, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Marfa TX 2
Figure 44. Marfa TX 2.
Latitude: 30º 23.483’ N
Longitude: 104º 15.083’ W
Geology: Active massive caliche developed on Oligocene Petan Basalt flows of the Garren
Group (Barnes et al., 1979a). Caliche beds range from 12-20 cm in thickness and include smaller
broken clasts of weathered basalt pebbles (3-5 cm diameter). The reddish-yellow soil is well-
mixed with numerous weathered basalt and alluvial clasts. The caliche sample is fairly young in
development and not well solidified.
Δ17O: +0.05‰
δ18O: 6.0‰
[SO42-]: 153 ppm
Collection: Sample Marfa TX 2 (KH2-3) was collected by Katie Howell on March 23, 2005, at a
roadcut on US 90 South between Valentine and Marfa, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Marfa TX 3A and Marfa TX 3B
Figure 45. Marfa TX 3.
  
Figure 46. Marfa TX 3 (plane, 4x).                       Figure 47. Marfa TX 3 (XP, 4x).
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Marfa TX 3A, Marfa TX 3B (continued)
Latitude: 30º 23.483’ N
Longitude: 104º 15.083’ W
Geology: Active massive caliche developed on Oligocene Petan Basalt flows of the Garren
Group (Barnes et al., 1979a). Caliche beds range from 12-20 cm in thickness and include smaller
broken clasts of weathered basalt pebbles (3-5 cm diameter). The reddish-yellow soil is well-
mixed with numerous weathered basalt and alluvial clasts. The caliche sample is fairly young in
development and not well solidified.
Marfa TX 3A Δ17O: +0.68‰
Marfa TX 3A δ18O: 5.7‰
Marfa TX 3A  [SO42-]: 126 ppm
Marfa TX 3A Δ17O: +0.97‰
Marfa TX 3A δ18O: 7.9‰
Marfa TX 3A  [SO42-]: 126 ppm
Collection: Sample Marfa TX 2 (KH2-4) was collected by Katie Howell on March 23, 2005, at a
roadcut on US 90 South between Valentine and Marfa, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 1
Figure 48. Mentone TX 1.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: +0.01‰
δ18O: 6.0‰
[SO42-]: 253 ppm
Collection: Sample Mentone TX 1 (KH1-7) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 2
Figure 49. Mentone TX 2.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: +0.07‰
δ18O: 7.8‰
[SO42-]: 302 ppm
Collection: Sample Mentone TX 2 (KH1-8) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 3
Figure 50. Mentone TX 3.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: not measured
δ18O: not measured
[SO42-]: 127 ppm
Collection: Sample Mentone TX 3 (KH1-9) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 4
Figure 51. Mentone TX 4.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: -0.12‰
δ18O: 8.3‰
[SO42-]: 351 ppm
Collection: Sample Mentone TX 4 (KH1-10) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 5
Figure 52. Mentone TX 5.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: +0.38‰
δ18O: 10.6‰
[SO42-]: 495 ppm
Collection: Sample Mentone TX 5 (KH1-11) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 6
Figure 53. Mentone TX 6.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: +0.12‰
δ18O: 7.0‰
[SO42-]: 402 ppm
Collection: Sample Mentone TX 6 (KH1-12) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 7
Figure 54. Mentone TX 7.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: 0.00‰
δ18O: 8.8‰
[SO42-]: 397 ppm
Collection: Sample Mentone TX 7 (KH1-13) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Mentone TX 8
Figure 55. Mentone TX 8.
Latitude: 31º 38.783’ N
Longitude: 103º 38.417’ W
Geology: Massive caliche developed on Pleistocene Toy Limestone (Barnes et al., 1976).
Massive and blocky caliche of 10-15 cm in thickness outcrops in a roadcut along with limey
yellow-gray soils. Soils are well-developed, and some exposures of the caliche exhibit extensive
weathering.
Δ17O: +0.03‰
δ18O: 6.0‰
[SO42-]: 563 ppm
Collection: Sample Mentone TX 8 (KH1-14) was collected by Katie Howell on March 20, 2005,
at a roadcut on Texas Highway 302 West near Mentone, Texas. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
85
Ozona TX 1
Figure 56. Ozona TX 1.
Latitude: 30º 44.733’ N
Longitude: 101º 52.500’ W
Geology: Massive caliche developed on lower Cretaceous limestone of the Segovia Member of
the Edwards Limestone (Barnes et al., 1981a). Thick caliche layers 50-70 cm in thickness
outcrop in well-developed blocky yellow-white soil.
Δ17O: +0.58‰
δ18O: 12.2‰
[SO42-]: 84 ppm
Collection: Sample Ozona TX 1 (KH1-4) was collected by Katie Howell on March 20, 2005, at
a roadcut on Interstate10 West between Sheffield and Ozona, Texas. It is stored in the Oxy-
Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Ozona TX 2
Figure 57. Ozona TX 2.
Latitude: 30º 44.733’ N
Longitude: 101º 52.500’ W
Geology: Massive caliche developed on lower Cretaceous limestone of the Segovia Member of
the Edwards Limestone (Barnes et al., 1981a). Thick caliche layers 50-70 cm in thickness
outcrop in well-developed blocky yellow-white soil.
Δ17O: +0.20‰
δ18O: 13.6‰
[SO42-]: 83 ppm
Collection: Sample Ozona TX 2 (KH1-5) was collected by Katie Howell on March 20, 2005, at
a roadcut on Interstate10 West between Sheffield and Ozona, Texas. It is stored in the Oxy-
Anion Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Pecos TX 1
Figure 58. Pecos TX 1.
Latitude: 31º 26.050’ N
Longitude: 103º 29.750’ W
Geology: Holocene and Pleistocene massive gypcrete (Barnes et al., 1976) outcrops at surface
exposures throughout the Pecos County and Reeves County, Texas area. The surface exposures
are extensively weathered, but 0.5-1 cm below the surface, fresh exposures reveal white-gray
fairly well solidified massive gypcrete. Small peds (0.5-1 cm diameter) occur within the gypcrete
bed. Geologic maps of the area show that the gypcrete exposures cover a 5-10 km2 area in the
immediate vicinity of the sample collection site (Barnes et al., 1976).
Δ17O: -0.017‰
δ18O: 23.2‰
[SO42-]: 32,888 ppm
Collection: Sample Pecos TX 1 (KH1-6) was collected by Katie Howell on March 20, 2005, at a
surface exposure off US 285 North in Pecos, Texas. It is stored in the Oxy-Anion Stable Isotope
Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Sierra Blanca TX 1
Figure 59. Sierra Blanca TX 1. See also Fig. 3E for
a hand-specimen view of this sample.
Latitude: 31º 11.736’ N
Longitude: 105º 26.607’ W
Geology: Active rind caliche on lower Cretaceous limestone of the Eagle Mountain Formation
(Barnes et al., 1968). Caliche rinds are approximately 1-2 cm in thickness, and limestones are
thick, massive, and blocky. No soils are present at this outcrop.
Δ17O: 0.02‰
δ18O: 7.9‰
[SO42-]: 37 ppm
Collection: Sample Sierra Blanca TX 1 (C211) was collected by Katie Howell and Huiming Bao
on June 12, 2005, at a roadcut on Interstate10 East between Esperanza and Sierra Blanca, Texas.
It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State University,
Baton Rouge, Louisiana.
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Socorro NM 1
Figure 60. Socorro NM 1.
Latitude: 34º 02.557’ N
Longitude: 106º 54.516’ W
Geology: Active encrustation caliche formed on Pleistocene alluvium of the post Santa Fe Group
axial-fluvial facies (Chamberlin, 1999). Thick caliche encrustations (5-8 cm) formed among
basalt, rhyolite, and other cobbles and boulders.
Δ17O: 0.00‰
δ18O: 3.9‰
[SO42-]: 112 ppm
Collection: Sample Socorro NM 1 (C209) was collected by Katie Howell and Huiming Bao on
June 11, 2005, at a roadcut on US 60 East in Socorro, New Mexico. It is stored in the Oxy-Anion
Stable Isotope Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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Toadstool Park NE 1
Figure 61. Toadstool Park NE 1.
Latitude: 42º 49.705’ N
Longitude: 103º 34.782’ W
Geology: Oligocene irregular concretion caliche developed on poorly cemented volcanic ash of
the Sharps Formation (Nicknish and Macdonald, 1962).
Δ17O: not measured
δ18O: not measured
[SO42-]: 12 ppm
Collection: Sample Toadstool Park NE 1 (G13-1) was collected by Huiming Bao on October 5,
2002, at the intersection of Toadstool Road and the road to the Round Top within Toadstool
Geologic Park. It is stored in the Oxy-Anion Stable Isotope Center (OASIC) at Louisiana State
University, Baton Rouge, Louisiana.
2 m
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Tuff Canyon TX 1
Figure 62. Tuff Canyon TX 1.
Latitude: 29º 10.084’ N
Longitude: 103º 30.017’ W
Geology: Active massive caliche developed on Eocene pyroclastic tuff and ash of the Chisos
Formation of the Big Bend Park Group (Maxwell et al., 1966). Caliche blocks are 50-70 cm
thick and form in the uppermost layers of the canyon. The material is poorly cemented and
intermixed with yellow-brown limey soils.
Δ17O: not measured
δ18O: not measured
[SO42-]: 119 ppm
Collection: Sample Tuff Canyon TX 1 (KH3-1) was collected by Katie Howell on March 24,
2005, from Tuff Canyon in Big Bend National Park. It is stored in the Oxy-Anion Stable Isotope
Center (OASIC) at Louisiana State University, Baton Rouge, Louisiana.
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APPENDIX C. A BRIEF COMPARISON OF CALICHE CRUSHING METHODS
A major time constraint in oxygen isotope studies of anions is sample preparation. Field
samples must be cleaned, crushed, dissolved in acid, and recleaned. Anions must be precipitated
or extracted, and O2 must be isolated. Among all these preparation steps, the rock crushing is the
most time consuming. Several methods of crushing were employed in this project and the pros,
cons, and cost-benefit analysis of each are discussed herein.
The first method used was a standard mortar-and-pestle procedure. Each large sample
was broken into smaller chunks with a rock hammer, and the smaller pieces were subsequently
pulverized to powder with a ceramic mortar and pestle. In preparation for isotope analysis, a
typical caliche sample (~100 g) took 20-30 minutes for complete crushing and cleaning of mortar
and pestle. Factor this time period into 50 caliche samples, and approximately 25 hours were
spent on this step of the procedure. Cost of labor for this step at the standard student-worker rate
($11/hour) adds up to $275. Problems associated with this procedure include sometimes severe
upper bicep soreness, the unfortunate demise of two mortars — replacements cost $150 each —
the deafening high-pitched ping of the pestle hitting the mortar and caliche, and the lack of a way
to deter caliche dust and powder particles from escaping the mortar and dirtying the air.
A second method tested for caliche crushing was using a standard 3-lb. ball mill. The
mill, which cost $60, consists of a rubber container and 50 1 cm diameter lead-alloy balls.
Caliche samples must be pre-crushed to ball-sized pieces before running on the motor-driven
rolling system. Once the initial crushing has taken place, the caliche may be added to the rubber
container and placed on the rolling apparatus. The machine rolls the canister at a rate of about 30
revolutions per minute and emits a pleasantly quiet, low rumbling sound. The only downside to
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this apparatus is that it does not crush the caliche. After approximately 24 hours of continuous
crushing, little caliche powder was extracted, and a large quantity of lead dust was present. In
fact, the small caliche pieces that had been added to the canister were completely covered in a
lead residue.
Samples for isotope analysis cannot be crushed in standard geological jaw crushers or
rock mills because of the potential for contamination because of the inability to clean the
machine and inner workings properly between each sample pulverization. Another possibility to
crushing caliche would be the employment of a mechanized mortar-and-pestle-style rock
crusher, but the cost of such a machine is upwards of $10,000 — a fee slightly beyond the budget
of this project. As much as I, the sore bicep and tinnitus-afflicted crusher, hate to admit it, until a
better method of uncontaminated, easy-to-clean, cost effective, and successful crushing can be
developed, the standard, human-operated mortar-and-pestle method remains the best way to
prepare caliche — and in most cases all well-cemented rock — samples for isotope analysis.
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